Hepatitis A virus (HAV) strains found in selected South African (SA) surface waters were characterised to establish what HAV types are circulating in the environment, thus reflecting circulation in the surrounding communities. Surface water samples used for irrigation or domestic purposes, and water samples from the outflow of wastewater plants were collected from six provinces. Viruses were recovered from the samples using a glass wool adsorption-elution method and then further concentrated using polyethylene glycol/sodium chloride precipitation. After automated nucleic acid extraction, samples were analysed for HAV by real-time reverse-transcriptase polymerase chain reaction. HAV strains were genotyped by nucleotide sequence analysis of the capsid gene VP1 and the VP1/P2B junction. HAVs were detected in 76% (16/21) of the surface water samples and in 37%
INTRODUCTION
Hepatitis A virus (HAV) is the leading cause of acute viral hepatitis worldwide (Costafreda et al. ; Pintó et al. ) . Infection with HAV can proceed with or without symptoms depending on the age of the individual at the time of the infection and the presence or not of an underlying chronic liver disease (Collier & Oxford ; Nainan et al. ; Pintó et al. ) . Children younger than five years of age rarely present with symptoms, while in older children and adults the infection can be severe (Dotzauer ; Spradling et al. ) . HAV is an enteric virus transmitted via the faecal-oral route either directly from personto-person or indirectly through the ingestion of faecally contaminated food and water (Nainan et al. ; Pintó et al. , ; Rodríguez-Lázaro et al. ) . The virus may less commonly be transmitted through blood transfusion and blood products, the sharing of needles by drug abusers and sexual contactparticularly between male homosexuals (Nainan et al. ; Pérez-Sautu et al. a) . HAV has a long incubation period ranging from 15 to 50 days, during which time the virus is actively replicating in the liver and found in the blood and faeces (Dotzauer ; Pintó et al. ) . An infected individual may shed up to 10 11 HAV particles per gram of faeces just before the onset of symptoms and it is at that point that the individual is most infectious (Pintó et al. ) . A high and long-lasting viraemia was also identified for HAV occurring from before the beginning of symptoms to an average of 6 weeks after symptoms have started (Bower et al. ; Pintó et al. ) .
HAV is the sole member of the genus Hepatovirus within the family Picornaviridae . HAV is antigenically stable with a single serotype (Nainan et al. ; Pintó et al. ) . Infection with the virus confers lifelong immunity and an effective vaccine was developed to protect individuals that have not been previously exposed (Nainan et al. ; Pérez-Sautu et al. a; Pintó et al. ) .
However, recent publications have reported the detection of 'escape' mutants which could result in vaccination failure (Pérez-Sautu et al. b; Pintó et al. ) . The capsid gene VP1 and the junction VP1/P2B are used to genotype HAV strains (Nainan et al. ) . The junction is used for rapid genotyping and the capsid gene for identification of possible vaccine escape mutants. Based on the nucleic acid sequence of the entire VP1 region, six genotypes, with their subdivisions (A and B), have been defined: I, II and III grouping HAVs associated with humans, and IV, V and VI associated with non-human primates (Costa-Mattioli et al. ). These genotypes have a distinct geographical distribution: genotype IA prevails worldwide except in South Africa (SA) and the rest of the African continent where genotype IB predominates (Robertson et al. ; Taylor ) .
The incidence of HAV depends on socio-economic standards like sanitary conditions or access to clean water sources. In much of the developing world, where such conditions are relatively poor, infection occurs early in childhood and almost all adults are immune to the disease. In industrialised countries, HAV has a low to moderate endemicity. As a result, most adults who have not been infected during childhood are susceptible to the infection, leading to the occurrence of hepatitis A outbreaks (Pintó et al. ) . Hepatitis A is hyperendemic in SA with the characteristics of both developing and industrialised countries (Robertson et al. ; Taylor ; Venter et al. ) .
HAV is also one of the leading causes of viral foodborne infection (Bosch et al. ; Rodríguez-Lázaro et al. ) . Food products can be contaminated directly or indirectly through the use of water contaminated with faeces containing HAV. This is mainly due to the fact that sewage treatment is unable to completely remove or inactivate viral particles, which in turn may contaminate surface waters that can be used to irrigate or wash food products (Pintó et al. ) . The faecal contamination of water in shellfish-growing beds and irrigation water used for fresh produce has been implicated as the source of virus in foodborne outbreaks of hepatitis A. To date, the largest outbreak of hepatitis A recorded involved the consumption of sewagecontaminated clams and approximately 300,000 people became ill (Halliday et al. ; Nainan et al. ) . The use of contaminated water to mix agrichemicals or inadequate sanitary facilities for food handlers at the point of harvest, at commercial outlets or at preparation facilities also poses a risk of spreading the virus.
HAV has been detected in surface water sources in SA (Taylor et al. ) and on fresh produce at the point of retail (Netshikweta ) . The risk of infection following ingestion of water for the different communities has also been quantified (Venter et al. ) . Since the studies of Taylor () there have been no molecular epidemiological investigations in SA to establish whether or not different genotypes or mutant strains are emerging or circulating in the country. Analysing water samples provides a passive surveillance system as to what HAV types are circulating in the environment as well as in the surrounding communities. In addition, it provides valuable baseline data for molecular source tracking in the event of an outbreak. The aim of this study was therefore to characterise HAV strains detected in selected SA surface waters.
METHODS

Water samples
Surface water sample collection
From January 2012 to August 2012, 21 water samples (10 L) were collected monthly (except in February and July) from six sites near Polokwane, Limpopo (L) province, as part of the SA Water Research Commission (WRC) project K5/ 1875//4 ( Figure 1 ). These samples originate from rivers and dams used to irrigate fresh produce on a large commercial farm. The samples were transported in cooler bags with cold packs to the Department of Medical Virology, Faculty of Health Sciences, University of Pretoria. The temperature and pH of each sample were recorded upon arrival. The samples were either processed immediately or stored at 4 W C before being processed within 24 h of receipt. The sites from which samples were collected were: Bloed River (site 1) (two samples); River water drawn from below the Polokwane sewage works before the Sandrivier (site 5) (two samples); River water on the fresh produce farm (site 7) (five samples); Dam A at the pump site on the fresh produce farm (site 16B) (two samples); Dam B at the pump site on the fresh produce farm (site 17B) (five samples); River water from below the Seshego sewage works in the township (site 23) (two samples). Water was also collected from an irrigation pivot at the farm, at two points (three samples). Each sample was given a unique code, comprising site number and the date on which it was taken.
Water sampling at wastewater treatment works (WWTW)
From August 2010 to December 2011, a retrospective analysis was performed on 51 WWTW samples (500 mL) that were collected from the outflow of WWTW in three SA provinces: Gauteng (GP, nine samples), Mpumalanga (MP, 20 samples) and North West (NW, 16 samples) ( Figure 1 ). In addition, sludge was collected in a treatment plant in Kwa-Zulu-Natal (KZN, two samples) and in the Western Cape (WC, two samples) ( Figure 1 ), two samples were of unknown provincial origin. The 51 WWTW samples were referred to the Department of Medical Virology, Faculty of Health Sciences, University of Pretoria for microbial indicator analysis. These samples were selected because they had (thermotolerant) faecal coliform counts greater than 10 6 colony forming units (cfu) per 100 mL (Murray et al. ) .
Microbial indicator organisms count
The Escherichia coli and (thermotolerant) faecal coliform counts, expressed as cfu/100 mL were determined for the surface water samples and the WWTW samples, respectively. The choice of method for the different matrices was specified in the protocols of each sample type. The membrane filtration technique coupled with m-ColiBlue24 ® broth (Millipore Corp., Billerica, MA, USA) or M-FC agar (Standard Methods for the Examination of Water and Wastewater ) was used to determine the E. coli and (thermotolerant) faecal coliform counts, respectively.
Virus recovery and concentration
Surface water samples
Prior to recovery, 100 μL of mengovirus (5 × 10 4 copies/ 10 μL) was added to each sample as a process control to monitor the efficiency of viral recovery and downstream nucleic acid extraction. Viruses were recovered from the 10 L water samples using a glass wool adsorption-elution method based on the method of Vilaginès et al. () as described by Mans et al. () . After elution, viruses were further concentrated to a volume of 10 mL in phosphate-buffered saline pH 7.4 (PBS; Sigma-Aldrich Co., St Louis, MO, USA), using polyethylene glycol (Amresco, Solon, OH, USA) and sodium chloride (Merck Schuchardt OHC, Hohenbrunn, Germany) (PEG 8000 /NaCl) precipitation. The recovered virus concentrates were stored at À20 W C.
Wastewater treatment works samples
Viruses were concentrated from 75 or 100 mL WWTW samples to a volume of 2 mL in PBS pH 7.4, using the PEG 8000 /NaCl precipitation. No prior viral recovery was performed as the sample volumes were too small. Virus concentrates were also stored at À20 W C. 
Nucleic acid extraction
HAV genotyping
Complementary DNA (cDNA) synthesis
Using random hexamers primers (Roche Diagnostics), cDNA (20 μL) was synthesised from 10 μL of RNA extracts from samples that tested positive for HAV. The synthesis was performed using a Thermo Scientific RevertAid™ Premium Reverse Transcriptase kit (Thermo Scientific, Waltham, MA). The protocol used was a slight modification of that of the manufacturer's instructions, as 50 units of the reverse transcriptase was used instead of 200 units. Amplification of the VP1 region
The full length VP1 region (900 bp) was amplified from cDNA (5 or 1 μL) by conventional PCR, using primers published by Costa-Mattioli et al. () ( Table 1) . The total volume of the reaction mix was 25 μL and contained the following: 5 × KAPATaq™ HotStart buffer (Kapa Biosystems, Cape Town, South Africa), 10 mM dNTPs, and 10 μM each of the forward and reverse primers, respectively, 25 mM MgCl 2 , and 1. 
Sequencing and cloning
Products from the PCR were run through a 2% agarose gel by electrophoresis. The gel was stained with ethidium bromide for visualisation. Positive amplicons were purified directly or from the gel using the Zymogen DNA Clean & Concentrator-25™ Kit or the Zymoclean™ Gel DNA Recovery Kit (Zymo Research, Irvine, CA, USA), respectively. The primers used to amplify the different regions were used to sequence positive amplicons directly after amplification, in both the forward and reverse direction, using the ABI Prism BigDye ® Terminator v3.1 Cycle Sequencing Kit on an ABI 3130 automated analyser (Applied Biosystems), as per the manufacturer's instructions. In cases where more than one strain was detected in a sample, PCR products were cloned using the cloneJET™ PCR cloning kit (Fermentas, Canada). After colony PCR, at least 10 clones were randomly selected for each sample and sequenced using the pJet 1.2/blunt specific primers.
Nucleotide sequence analyses
The sequences obtained were analysed and edited with Sequencher™ v4.10.1 and BioEdit v6.0.5. A BLAST search (http://0-blast.ncbi.nlm.nih.gov.innopac.up.ac.za/) was performed to verify the identity of the output sequences. Thereafter, the edited sequences were compared to each other and to reference sequences retrieved from GenBank by pairwise comparison. The sequences obtained, along with reference sequences for HAV and closely matched sequences from the output BLAST search, were aligned in MAFFT version 6 (http://0-mafft.cbrc.jp.innopac.up.ac.za/ alignment/server/index.html).
Detection of novel or predicted mutation
After alignment, the sequences obtained were compared to reference sequences using the software BioEdit v6.0.5, to check for novel or predicted mutations at nucleotide and protein levels. Positions at which nucleotide mutations cause amino acid change potentially resulting in vaccine escape mutants (Pérez-Sautu et al. b; Pintó et al. ) were carefully analysed.
Phylogenetic analysis
Phylogenetic analyses were performed in MEGA 5 using the two-parameter model of Kimura from the neighbour-joining method. Two trees were generated (one for VP1 and one for VP1/P2B) and assessed by bootstrap analysis (1000 pseudoreplicates). The genotype of each sequenced strain was determined by how well it clusters with reference sequences on the phylogenetic tree.
RESULTS AND DISCUSSION
HAV detection
HAV was detected in 76% (16/21) of the surface water samples (Table 2) . A number of the surface water samples were faecally contaminated as the E. coli counts were between 1 and 1,000 cfu/100 mL (data not shown). Mengovirus was detected in 43% (9/21) of the surface water samples where HAV was detected. The process control was detected in samples where no HAV was detected (site 16B and 17B on 2012-01-31) indicating that the processing and nucleic acid extraction procedures were adequate and the negative HAV result was therefore a true negative. The process control was not detected in samples where HAV was detected (site 5 on 2012-08-13; site 7 from 2012-05-16 to 2012-08-13; site 16B on 2012-08-13; site 17B on 2012-05-16; site 23 on 2012-08-13; site Pivit on 2012-05-16; site KPL1 on 2012-06-27) still indicating that the method for recovery and detection was appropriate. However, the process control was not detected in samples where HAV was not detected (site 1 on 2012-08-13; site 17B from 2012-06-27 to 2012-08-13) ( Table 2 ). The average recovery efficiency of mengovirus and HAV from turbid water using the glass wool adsorption-elution method is <1% and 5%, respectively (V. Ruhanya, unpublished data). The detection rate of HAV could therefore be an underestimation of the true prevalence of the virus in these surface waters. HAV was detected in 37% (19/51) of the WWTW samples. A number of factors could account for a low detection rate in WWTW samples as opposed to surface water samples. No prior viral recovery was performed on the WWTW samples. Inhibitors, which were not completely removed during nucleic acid extraction, could have been co-concentrated during the PEG 8000 /NaCl precipitation step. As the assay used for the WWTW samples lacked an internal amplification control, the assay was repeated with diluted nucleic acid, to circumvent the possible effect of inhibitors. Noroviruses and sapoviruses were detected in the 19 WWTW samples that tested positive for HAV and in some of the remaining 31 samples (Murray et al. ) . This indicates that the nucleic acid extraction was efficient and HAV was possibly present at levels below the detection limit of the assay. . Based on the phylogenetic analysis of both the VP1 genomic region and the VP1/P2B junction all the strains typed in this study clustered within genotype IB (Figure 2 and 3, respectively) . In 1997, it was established that genotype IB predominated in SA (Taylor ) . None of the strains sequenced in this study grouped within a genotype other than IB, suggesting that since 1997 genotype IB still predominates in SA. However, additional HAV strains will have to be characterised before a conclusive statement in this regard can be made.
The strains sequenced in this study form a unique SA cluster within genotype IB (Figure 2 : South African cluster; Figure 3 : South African cluster A). The clusters are supported by high bootstrap values (99% on Figure 2 and 97% on Figure 3 ). However, few strains grouped outside the unique cluster on Figure 3 (South African cluster B; sample 10/1010 indicated with ▪) but were still within genotype IB. All the samples that grouped outside the unique cluster were either collected from the effluents of sewage treatment plants or from rivers into which sewage effluents are discharged.
When analysing samples from the environment, multiple strains are expected to be characterised from a single sample. During amplification and sequencing of the VP1/P2B junction, no more than one strain was detected in each sample except for one. On the other hand, multiple strains were detected in 15 out of the 17 samples from which the VP1 region could be amplified. Although HAV is antigenically stable, some regions of its genome are more variable than others and therefore more informative. It is mainly for that reason that genotyping of the different HAV strains using nucleotide sequence analyses of the full VP1 region, instead of other genomic regions commonly used, was proposed The predicted amino acid sequence of the strains characterised in this study showed great similarity (>98% in amino acid identity) to that of the type strain HM175 (accession number M14707). However, minor amino acid changes were detected. These changes did not occur on the residues that contribute to the immunodominant antigenic site. In addition, the mutations detected among the strains were not consistent, except one: a R298 K (position is relative to the genome of the HAV strain HM175). Even though the mutation occurred at the end of the protein sequence, it was consistent in all strains for which the VP1 region could be amplified. An arginine (R) to lysine (K ) mutation in the amino acid sequence has little effect on the final conformation of the VP1 protein.
Despite a small structural difference on the side chain, both amino acids are positively charged. Therefore the strains bearing this mutation will still be antigenically stable. Although no mutants were detected in this study, the presence of multiple strains of HAV that differ in the VP1 region suggests the importance of implementing a surveillance system in order to monitor the possible emergence of new variants. This would not only help in molecular source tracking in the event of an outbreak but in implementing vaccination policies if necessary.
In 2009, a study was published on the epidemiology of hepatitis A in Germany, with special emphasis on imported and non-imported HAV infections (Faber et al. ) . The study detected and characterised HAV in tourists who were infected while visiting SA. These strains formed a distinct cluster when compared to strains detected in individuals who were infected either in Germany or in other regions of the world. In Figure 3 , the strains isolated from the tourists were included (indicated with Δ on the tree). Phylogenetic analysis clustered the German strains within SA cluster A. The high bootstrap value at the node leading to the cluster indicates a close relationship with strains characterised in this study. This further confirms the distinct geographical distribution of HAV, a fact that can be exploited when investigating the source of an outbreak.
HAV strains were previously detected on tomatoes and lettuce at the point of retail in the Tshwane district (Netshikweta ). The detected strains (indicated with ▴ on Figure 3 ) also group within SA cluster A. The high bootstrap value at the node indicates that strains isolated from the water samples are similar to those isolated from the fresh produce. Furthermore, the strain isolated from the lettuce is identical to a strain detected in a WWTW sample (bootstrap value of 97%). The sample in question was collected from the Mpumalanga region (data not shown). Fresh produce can be contaminated at various points throughout the chain of production. Irrigation with surface water contaminated with faeces containing HAV and agrichemicals mixed with Figure 2 | Phylogenetic tree based on the sequence of the full VP1 region (900 bp) of strains characterised in this study. The tree was constructed using the Kimura two-parameter model of the neighbour-joining method, with 1000 bootstrap replicates; bootstrap values !75% are indicated. Strains indicated with ◊ or ♦ are reference strains or strains from previous studies that were retrieved from GenBank. Strains with 'col' and a number at the end represent clones from strains characterised in this study. contaminated water are possible sources of contamination. The lack of proper washing facilities for food handlers on the farm, at commercial outlets or during preparation are additional sources of contamination. In the present case the exact source of contamination of the produce could not be defined, but the similarity with a strain detected in sewage effluent suggests that sewage treatment in the region of the WWTW sample does not remove all HAV particles. Figure 3 | Phylogenetic tree based on the sequence of the VP1/P2B junction (∼ 350 bp) of strains characterised in this study. The tree was constructed using the Kimura two-parameter model of the neighbour-joining method, with 1000 bootstrap replicates; bootstrap values !75% are indicated. Strains indicated with ◊ or ♦, and, ▴ or Δ are reference strains or strains from previous studies that were retrieved from GenBank. Strains with 'col' and a number at the end represent clones from strains characterised in this study.
